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Summary

Comparative genomic studies of attenuated and vir-

ulent strains of Gallid herpesvirus 2 (GaHV-2) have

identified 6 regions of sequence variability. These

regions include the open reading frames (ORFs)

encoding UL36 and UL49 and regions devoid of

large ORFs (132-bp repeats, a-like sequences and

the junctions flanking the unique short region). Our

data indicate that the carboxyl terminus of UL36

contains regions of heterogeneity that are unique to

CVI988-derived attenuated strains. A deletion of

the TKSERT domain and a glycine245 polymor-

phism in the UL49 proteins were also identified

in these derivatives. Phylogenetic analyses of both

UL36 and UL49 sequences indicate that CVI988-

derived strains partition differently from other at-

tenuated strains (RM-1 and R2=23), indicating that

additional mutations contribute to attenuation. In

very virulent and very virulent plus strains a sin-

gle nucleotide polymorphism (SNP) was identified

within the 132-bp tandem repeats. Within the junc-

tions flanking the unique short region, these strains

also contain deletions in sequences that are pre-

dicted to bind the transcription factor NF kappaB.

In some attenuated strains, deletions were also

identified in the latency-associated transcript (LAT)

promoters and adjacent regions encoding micro-

RNAs. These results indicate that virulence is likely

multi-factorial with contributions from both multi-

ple genes and cis-acting sites.

Introduction

Marek’s disease (MD) is a highly contagious lym-

phoproliferative and demyelinating disease of

chickens caused by the acute-transforming alpha-

herpesvirus gallid herpesvirus type 2 (GaHV-2)

[4, 31]. Over the past three decades, losses to poul-

try producers have been greatly reduced through

the use of live attenuated vaccines [45, 46]. Origi-

nally an antigenically related virus, Meleagrid her-

pesvirus type 1 (MeHV-1) isolated from turkeys,

was used as a vaccine to prevent MD [49]. How-

ever, within a decade after its introduction this

vaccine lost its efficacy, necessitating the incorpo-

ration of more antigenically similar vaccine strains
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(GaHV-3) for use in combination with MeHV-1.

Although this bivalent vaccine provided some en-

hanced level of protection, it too lost its efficacy,

and by the 1990s the preferred vaccine to protect

against very virulent (vv) and very virulent plus

(vvþ) field strains was an attenuated strain of

GaHV-2, the CVI988 or Rispens vaccine strain

[27, 35, 44]. Since its isolation and characterization

in the early 1970s, this strain has been distributed to

vaccine manufacturers worldwide, and numerous

derivatives are currently available.

The complete genomic sequence of GaHV-2

(strain Md5) was determined by Tulman et al. in

the late 1990s, and currently the sequences of two

additional virulent strains (GA and Md11) and three

vaccine strains (attenuated GaHV-2 [CVI988],

GaHV-3 and MeHV-1) are available [1, 14, 19, 23,

28, 40, 42]. Their protein-coding capacity has also

been well defined [24, 30, 37]. Unfortunately, only

a handful of genes encoding virulence factors have

been identified through the generation of knock-out

mutants, predominantly in genes that lack homo-

logues in GaHV-3 and MeHV-1 [31]. In 2004, a

comparative whole genomic program was initiated

by the Agricultural Research Service of the USDA

in order to investigate genetic changes between at-

tenuated and non-attenuated strains of GaHV-2. Bio-

informatic analyses of the sequence of the Rispens

vaccine strain (CVI988) revealed numerous genetic

anomalies relative to virulent strains: SNPs, se-

quence expansions and deletions [23, 28, 40, 42].

We have previously reported that the majority of

these anomalies occur within the long repeat re-

gions and affect the genes encoding RLORF12,

RLORF6, 23 kDa and RLORF7 (meq) [41]. How-

ever, the comparative genomics study also revealed

sequence length polymorphisms within the UL36

and UL49 genes, and in regions devoid of large

ORFs: the 132-bp repeats, a-like sequences and in-

ternal repeat short=unique short (IRS=US) and uni-

que short=terminal repeat short (US=TRS) junctions

[40]. The objective of this study was to expand on

the prior analyses and determine whether these genes

and genomic regions from a collection of GaHV-2

pathotypes (attenuated, mildly virulent, virulent,

very virulent and very virulent plus) contribute to

the phylogenetic partitioning of the pathotypes.

Material and methods

Viruses and cells

Duck and chick embryo fibroblasts (DEFs and CEFs) were
prepared from 11-day-old embryos and maintained at 39 �C
under 5% CO2 in Leibovitz’s L-15 medium plus McCoy 5A
medium (1:1) supplemented with 2.5% bovine serum and
antibiotics. The GaHV-2 strains used in this study were
kindly provided by Drs. K. A. Schat (Cornell University),
N. Osterrieder (Cornell University), M. Parcells (Univer-
sity of Delaware) and P. Sondermeijer (Intervet). Viruses
were mainly propagated in duck embryo fibroblasts. Some
virus stocks were propagated on chick embryo fibroblasts
using similar conditions as those mentioned above except
the use of minimal essential medium supplemented with 8%
fetal bovine serum. Table 1 contains a list of these strains,
their passage history, host cell type and pathotype classifica-
tion [47].

Purification of total DNA from GaHV-2-infected cells

DNA was extracted from avian fibroblasts infected with
GaHV-2 strains listed in Table 1 using the DNeasy Tissue
Kit (Qiagen, Valencia, CA) according to the manufacturer’s
instruction. Briefly, 200ml of infected cellular suspension
was treated with proteolytic enzymes at 70 �C for 10 min.
An equal volume of 100% ethanol was then added to the
lysate, and the DNA was purified by mini column chroma-
tography and centrifugation. Columns were washed with
ethanol=salt solutions to remove cellular proteins. The DNA

Table 1. The strains of GaHV-2 used in this study, passage
history and propagation cell types. Abbreviations for the
characterized virulence ranking of the GaHV-2 strains are
as follows: a attenuated, m mild, v virulent, vv very virulent
and vvþ very virulent plus, CEF chick embryo fibroblast and
DEF duck embryo fibroblast. z denotes CVI9888 strain
passed 5 times in 15�7 chickens

Strains Passage
number

Cell
type

Pathotype

CVI988 (Intervet) 27 CEF a
CVI988-BP5z 48 CEF a
RM-1 40 DEF a
R2=23 (Md11) 106 CEF a
CU-2 14 CEF m
JM=102W 13 DEF v
RB-1B (ADOL) 23 DEF v
571 9 DEF v
549a 8 DEF vv
595 7 DEF vv
584a 8 DEF vvþ
648a 8 DEF vvþ
686 8 DEF vvþ
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was eluted in 10 mM Tris, pH 8.0, and quantified at 260 nm
by spectrophotometry.

Polymerase chain reaction conditions

Six regions within the GaHV-2 genome were targeted for
sequence analysis. Table 2 lists the primer sequences, co-
ordinates based on the Md5 sequence (GenBank accession

number AF243438) and expected size of the polymerase
chain reaction (PCR) products. Amplification reactions in-
cluded 100 ng of total DNA isolated from infected cells,
paired oligonucleotide primers and Platinum Taq polymerase
(Invitrogen, Carlsbad, CA). PCR conditions were optimized
using an Eppendorf Mastercycler Gradient to determine the
optimal annealing temperatures, and 5% DMSO was in-
cluded in the reaction mixtures to increase product yields.
The cycling conditions for the six reactions were as follows:
all templates were initially denatured at 94 �C for 2 min and
then for 30 sec at 94 �C at the beginning of each cycle (total
40). Primers were allowed to anneal for 30 sec at tempera-
tures that varied per reaction: UL36 (68 �C), UL49 (60 �C),
a-like (64 �C), IRS=US (56 �C), US=TRS (62.5 �C) and
132 bp (60 �C). The extension temperature was 68 �C for
120, 45, 180, 120, 150, and 150 sec, respectively.

Amplicon cloning and sequencing

PCR products were cloned into the vector pCR2.1-TOPO
using the conditions as defined by the manufacturer (Invitro-
gen, Carlsbad, CA). All ligation products were transformed
into E. coli DH5a cells and selected on LB plates containing
100mg=ml of ampicillin and a topically added cocktail of
IPTG (25ml of 100 mg=ml) and X-gal (20ml of 50 mg=ml).
White colonies were screened using two approaches based
on the size of the insert and its stability. Colonies generated
from cloning experiments involving PCR product <2.0 kb
(UL36, UL49, IRS=US and US=TRS regions) were screened
using a conventional plasmid mini-prep procedure. White
colonies generated by cloning large PCR products contain-
ing the a-like sequence or 132-bp repeat region were first
screened using colony PCR. After positive identification by
visualization on 0.6% 1X TAE agarose gels, colonies were
then re-screened using standard miniprep DNA isolation. In
both approaches, recombinant vectors containing full-length

Table 2. The sequences of the primers used in the amplifications of the 6 variable regions along with their coordinates based
on the Md5 genome and expected sizes of the PCR products

Region Primer’s name Sequence Coordinates Size

UL36 UL36F AGGCATTGGCAATGACTGTTGG 79273–79294
UL36R TGAAAGCATGTGGGATCGAGTGG 80608–80630 1357

UL49 UL49F GACTTACTTGCAGTAGTAGG 111167–111186
UL49R CACGGTACAATAGAAGGTGC 111996–112015 848

a-like 13b CTTGTAGCTTCCTCCGCCTACG 139969–139990
ir79 AGGAAGGTGGTCCGGAAACC 143915–143934 3965

IRS=US ir46 TGGGAACAGCAATCACTTTCG 152178–152198
mdvp08 CTCGTGGCTAACTTATGCAGAG 153873–153894 1716

US=TRS RB1B13f CCAGCTCGTCCATTAAACG 163524–163542
RB1B14r ACGGGTTTCCTGACTTGAAC 165913–165932 2408

132 bp repeat mdvp09F TCTCCGGTTAGCTCCTGGCATTC 127486–127508
mdvp09r AGAGCCGTGTCAATCGACAACTG 129832–129854 2368

Table 3. The haploid copy number of the 132-bp repeats in
GaHV-2 strains that represent the 5 pathotypes. An asterisk
indicates a strain containing one copy of the 132-bp repeats
with the uncommon thymidine at position 98. A double
asterisk denotes both tandem copies contain thymidine at
position 98. Derivatives of CVI988 are abbreviated: INV
intervet, BP5 back passaged five times in 15�7 birds and
BAC bacterial artificial chromosome

Strain Haploid copy # Virulence

CVI988-INV 2 a
CVI988-BP5 2 a
CVI988-BAC 8 a
RM-1 2 a
R2=23 4 a
CU-2 3 m
JM=102W 2 v
RB-1B-ADOL 2 v
571 2 v
GA 2�� vv
549a 2� vv
595 2� vv
Md5 2 vv
584a 2� vvþ
648a 2� vvþ
686 2� vvþ
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inserts were identified via restriction digestion with EcoRI
and agarose gel electrophoresis.

Cloned PCR products were generally sequenced using
oligonucleotides with annealing sites flanking the insert.
Recombinant plasmids containing the a-like sequences and
132-bp repeat regions were sequenced using a battery of
oligonucleotides with staggered annealing sites on both
strands. Often, this strategy was supplemented with transpo-
son-mediated sequencing based on Epicentre technology
(Epicentre, Madison, WI) in order to determine the sequence
of regions containing direct repeats. DNA sequencing was
performed at the South Atlantic Area sequencing facility
(Athens, GA) and Polymorphic DNA Technologies Inc.
(Alameda, CA) using the BigDye terminator cycle sequen-
cing protocol and analyzed on a model ABI-3730 XL DNA
Analyzer (Applied Biosystems, Foster City, CA).

DNA sequence analysis

DNA sequences were assembled using the Sequencher
program (Gene Codes, Ann Arbor, MI) and manually edited.
The final sequence for each region represents that obtained
through sequencing of both strands. Sequencing data con-
taining ambiguities and polymorphisms were resolved by re-
sequencing. DNA sequences were maintained and analyzed
using Lasergene (DNASTAR, Madison, WI), NCBI Entrez
and other web-based tools. Homology searches were con-
ducted using the NCBI programs blastP and PsiBlast with
default settings, as well as the web-based program Pairwise-
FLAG. Multiple alignments of proteins and nucleotide se-
quences were generated using MUSCLE, MultAlin and
MEGA 3.1 [6, 10, 22]. Phylogenetic trees were drawn using
Phylip [34]. Repeat elements were determined using the
Tandyman program (Los Alamos National Laboratory, NM).
Transcription factor binding sites were investigated using the
web-based program TFSearch [13]. The sequences of the
non-attenuated MDV strains Md5, Md11 and GA used for
comparison were obtained from GenBank [23, 28, 42].
Nucleotide sequence data reported in this paper have been
submitted to GenBank nucleotide sequence database and
have been assigned accession numbers EF526115 through
EF526179.

Results

PCR amplification and cloning of six variable

regions

A comparative genomic study was initiated to

identify genes and cis-acting regulatory sequences

that differ among attenuated and virulent strains

of GaHV-2. In this study, we identified two genes

(UL36 and UL49) within the unique long region

and four regions (132-bp repeats, a-like sequences,

IRS=US and US=TRS junctions) that differ con-

siderably among the pathotypes. In order to inves-

tigate the relationship between the genotypes and

associated phenotypes, the nucleotide sequences of

these genes and regions were determined from the

13 pathotyped strains listed in Table 1. To achieve

this, whole cellular DNA isolated from GaHV-2-

infected avian fibroblasts was subjected to PCR

using a battery of oligonucleotides and varying

thermal cycling conditions. Amplification of each

of the six regions required optimized magnesium

concentrations and annealing temperatures. Most

amplification reactions generated a homogeneous

product (well-defined band) except those involving

the a-like sequence. PCR products from some, but

not all, of these amplification reactions resolved as

broad bands on agarose gels. These results were

strain dependent and probably reflect heterogeneity

in the a-like sequences and not PCR artifacts since

each genome contains a diploid number of a-like

sequences. It is also suspected that the GaHV-2

genomes within infected cells exist as a collection

of quasispecies containing varying a-like sequences,

similar to results reported for human herpesvirus

type 6 [7].

All PCR products were first cloned into pCR2.1-

TOPO prior to sequencing. Recombinants were

screened using standard mini-prep procedures or

colony PCR. At least three clones were isolated

per cloning event and sequenced. Due to size dif-

ferences of PCR products generated from a single

amplification event involving a-like regions, clones

containing both high- and low-molecular-weight

inserts were processed for sequencing. The se-

quences of the higher-molecular-weight inserts are

represented in Fig. 6.

Intragenic variations: UL36 and UL49

In comparative genomic studies involving CVI988,

the predicted translation products of two genes

(UL36 and UL49) differed among attenuated and

non-attenuated strains. Sequencing of the variable

region within the UL36 gene from 13 strains pro-

vided additional evidence that the carboxyl termi-

nus is extremely diverse in amino acid composition

1668 S. J. Spatz, R. F. Silva: GaHV-2 polymorphisms



Fig. 1. Multiple sequence alignment of the variable region near the carboxyl terminus of GaHV-2 UL36 proteins. The
alignment is numbered according to the coordinates of the Md5 UL36 protein [42]. Vertical arrows are positioned over aligned
amino acids with the greatest amount of positional diversity. Amino acids underlined with arrows indicate regions that
contain reiterations. Solid arrows denote PA(P=S)KP(T=P=S), dotted arrows denote KPPP(D=A)PD(F=S)KP(S=T)PAPKS
and dashed arrows denote (S=P)PA(S=P)KP. Solid black boxes 1, 2 and 3 illustrate regions in the alignment that differentiate
CVI988 derivatives from more virulent strains. Abbreviations are the same as those in Table 3



(Fig. 1). This region generally contains three types

of repeat elements: PA(P=S)KP(T=S=P) – type A,

(S=P)PA(S=P)KP – type B and KPPP(D=A)PD

(F=S)KP(S=T) PAPKS – type C. The PAPKPP

motif of type A repeats is only found in CVI988

derivatives and the mildly virulent CU-2 strain.

These strains also contain the type B repeat motifs

PPASKP and SPAPKP, which are not found in more

virulent strains. Type C repeats of lesser virulent

and attenuated strains contain serine residues in

place of the more common threonine residues found

in more virulent strains (Fig. 1 arrow at position

2797). Additional polymorphisms in three locations

(boxes 1–3, Fig. 1) are largely responsible for the

phylogenetic segregation of the CVI988 derivatives

(Fig. 3a). These derivatives, along with CU-2, are

of different lineage than all other strains including

the attenuated strains RM-1 and R2=23.

As mentioned above, differences were also noted

in the UL49 gene that encodes VP22. Alignments of

these proteins (Fig. 2) reveal a sequence (TKSERT)

missing in all CVI988 derivatives and a Gly245

polymorphism in contrast to the more common

Ser245 of more highly virulent strains. A polymor-

phism at amino acid position 58 may also be of im-

portance since Tyr58 occupies this position in all

derivative of CVI988 and the mildly virulent strain

CU-2. His58 is present in all virulent strains and the

attenuated strains RM-1 and R2=23, which were

derived from the virulent strains JM=102W and

Md11, respectively. Like the partition seen with

UL36 sequences, the UL49 dendrogram (Fig. 3b)

shows grouping of the CVI988 derivatives and clus-

tering of the vv and vvþ pathotypes.

Intergenic variation: 132-bp, a-like and US

junction sequences

In addition to the polymorphisms in the UL36 and

UL49 genes, two regions largely devoid of ORFs

within the terminal repeat long and internal repeat

long regions (TRL and IRL) were identified that

vary among the 13 strains. These regions contain

the so-called 132-bp tandem repeats [39] which

have been reported to expand upon serial passage

in cell culture concurrent with attenuation. We have

determined the sequence and copy numbers of theseF
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repeat regions for the 13 strains (Table 1) and found

no correlation between copy numbers and patho-

types. However, we did find a SNP at position 98

that could collectively differentiate vv and vvþ
(549a, 595, 584, 648a and 686) from the other three

lesser pathotypes. Most of these latter strains con-

tain reiterations of the 132-bp repeat containing

cytosine at position 98. In contrast, all vv and vvþ
strains examined in this study are heterozygous at

position 98 for thymidine or cytosine.

Other regions of sequence heterogeneity flank the

unique short region. As shown in Fig. 4, these junc-

tions are inundated with repeat elements (boxes 1–4).

Copies of a 115-bp repeat sequence (box 1) are

present in some of the CVI988 derivatives: 3 copies

in CVI988-BAC and 2 copies in CVI988-BP5. All

other strains contain only one copy. Box 2 and its

inverted complement box 4 also contain numerous

repeats. Box 2 repeats are responsible for the het-

erogeneity in the COOH terminal sequences of the

SORF1 proteins among the strains. Three transla-

tion products are predicted from the SORF1 genes

with amino acid length groupings of 67, 88–89

and 104–105aa. Generally, vaccine strains contain

the shortest versions. Downstream of SORF1 (30 end

of box 2 and 50 end of box 4) are regions contain-

ing numerous transcription-factor-binding sites. In-

terestingly, there are differences in the number of

binding sites among the strains. A 65-bp sequence

containing an NF-kappaB binding site is absent in

the genomes of vv and vvþ strains. This sequence

is responsible for the branching of the vv=vvþ
clade away from the less virulent strains (Fig. 5).

One surprising outcome of sequencing the IRS=
US and US=TRS junctions was the lack of con-

sensus regarding the placement of the exact junc-

tion; three junctions (a, b and c) were identified.

One strain (Md5) contains it own unique junction

(a) (Fig. 4). The junction between the IRS and

US region for Md5 is similar to that of the others;

however, unique short sequences encompassing the

SORF2 ORF are also present in the TRS re-

gion. Due to this, the genome of Md5 contains two

copies of SORF2 with varying carboxyl termini.

Generally, most other strains have junction (b);

however, strains CU-2, 571 and GA have a slightly

different junction (c). Interestingly, these strains

also contain a 485-bp deletion (box 3) in the unique

short regions downstream of the US8 gene. Since

this region in some strains has been reported to

contain integrated retroviruses [21], it is not unrea-

sonable to suggest that a retrotransposition mechan-

ism may be responsible for the deletions.

Another set of regions that have remained fairly

uncharacterized are a-like sequences found at the

IRL=IRS and TRS=TRL junctions in the circular

replicative intermediates. Because these sequences

contain numerous repeat motifs including telomeric

repeats, they are extremely difficult to clone and

sequence. However, after much effort, we were able

to determine the sequences of these regions from the

13 strains. Their sizes vary from 3453 to 5761 bp,

with an average length of 4574� 719. Based on

the multiple alignment of the nucleotide sequences

(Fig. 6) we have identified sequences similar to

the pac-1 and pac-2 sites of herpes simplex virus

type 1 (HSV-1) (GGGGGGGGGGTGAAAATTT

GGGGGG) and TTTTTTTTTATACAGTGTGT,

respectively) which are bracketed by DR1 sites

(GGCCGCGAGAGC). Internal to these sites are
Fig. 5. Rooted dendrogram of box 4 nucleotide sequences
from the US=TRS junction using the program Phylip
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the telomeric repeats (GGGTTA) inundated with is-

lands of the 13-bp repeats (GGGTTCAGGCCTA).

Downstream of this region is a hypervariable region

containing 60-bp repeats. In addition to variations

in the telomeric and 60-bp repeat regions, four

strains (CVI988-INV, CVI988-BP5, RM1 and CU2)

contain deletions in a region immediately down-

stream of their 60-bp repeats. These deletions occur

in the promoter region for the large LAT and spliced

LAT [26] and in some strains encompass the first

exon of the spliced LAT. In one strain (CVI988-

INV) this deletion extends into the recently identified

LAT microRNA region affecting MDV miR8 [3].

Discussion

The analysis of GaHV-2 genomes has been infor-

mative in pinpointing differences that may be asso-

ciated with virulence. In this study, two genes (UL36

and UL49) and four regions (132-bp repeats, a-like

sequences, IRS=US and US=TRS junctions) were

characterized that differ among 13 strains that repre-

sent the 5 pathotypes. Phylogenetic analyses of these

regions also suggest a relationship between the ge-

notypes and pathotype classifications of the strains.

Sequence analysis of the UL36 genes indicat-

ed that CVI988 derivatives contain mutations and

deletions in the proline-rich regions (boxes 1–3,

Fig. 1). These polymorphisms appear to be unique

to CVI988 variants and the mildly attenuated strain

CU-2 but are not universally found in other attenu-

ated strains (e.g. RM-1, R2=23). Intra-strain varia-

tions within box 2 (deletions in CVI988-BP5) were

also observed. It is difficult to assess the contribu-

table roles these deletions and SNPs may have in

attenuation without a functional genomics approach.

However, it is largely suspected that attenuation is

multi-factorial and these polymorphisms – in at

least the CVI988 derivatives and mildly virulent

CU-2 strain – along with others might tip the scales

in the direction of avirulence. Compounding these

difficulties is the fact that little is known about

the role of UL36 in virulence. The UL36 protein

(�400 kDa) is the largest structural protein within

the tegument of virions and interacts with other

tegument proteins to mediate egress and re-envel-

opment [20, 43]. Interestingly, the polymorphisms

within the UL36 proteins occur in proline-rich re-

gions similar to SH3, WW and EHV1 domains

that are involved in protein–protein interactions

[18, 50]. Since an ubiquitin (Ub)-specific cysteine

protease motif at the amino terminus has recently

been identified in HSV-1 and GaHV-2 [51], it

seems plausible that mutations in the proline-rich

domains could affect retention of otherwise proteo-

some-targeted proteins and=or protein–protein in-

teractions important for egress.

Another gene in the unique long region that dif-

fers among attenuated and oncogenic strains is

UL49. This gene encodes the tegument phospho-

protein VP22, which has been shown to be essential

for GaHV-2 propagation in cell culture [8, 9]. A

short deletion of 18 bp (encoding TKSERT) was

found in this gene within all variants of CVI988.

This deletion corresponds to a domain that is rich in

serine and threonine residues in the non-attenuated

homologues. SNPs were also identified that parti-

tioned to some degree along pathotypes. Relative to

more highly virulent strains, CVI988 variants and

the mildly virulent strain CU-2 contain a Tyr58His

substitution and a Gly239 substitution instead of

Ser245. There is little sequence resemblance be-

tween the VP22 of GaHV-2 and its homologue in

mammalian herpesviruses. However, like its HSV-1

counterpart, it is a phosphoprotein with DNA bind-

ing activity and displays similar functional prop-

erties [2, 8, 11, 33]. It remains to be determined

whether residues in the TKSERT domain are phos-

phorylated. The contribution of UL49 polymor-

phisms to attenuation, like those of UL36, will

require functional testing in which these genes are

rescued into the genome of UL49� or UL36�

knockout virulent mutants. Only then will the proof

be provided that these two genes truly encode viru-

lence factors. Small polymorphisms and even single

amino acid substitutions can have a dramatic effect on

the behavior of herpesviruses, as seen with mutations

in the UL34.5 gene of HSV-1 resulting in a 100,000-

fold reduction in neurovirulence [5, 32] and a single

amino acid substitution in the polymerase gene of

equine herpesvirus-1 allowing the differentiation of

neurological and non-neurological strains [29].

Aside from the polymorphisms identified in the

coding sequences of UL36 and UL49, other novel
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insertions=deletions and SNPs were found in non-

coding regions that are generally pathotype speci-

fic. These occur in the 132-bp repeats within the

repeat long regions, the a-like sequence at the IRL=
IRS junction and sequences flanking the US region.

Over the last twenty years, the 132-bp repeat re-

gions have received a considerable amount of at-

tention due to their heterogeneity among MDV

pathotypes. Recently, Silva and others have dem-

onstrated that full loss of virulence requires addi-

tional changes in the genomes of recombinant Md5

viruses deleted in the 132-bp regions, indicates that,

at best, these regions act as a marker for attenuation

[38]. However, our sequencing research has indi-

cated that the sequences of the 132-bp regions for

the very virulent Md5 are different than all other vv

and vvþ pathotypes examined. Within these gen-

omes, a specific SNP (T98C) is present in at least

one of the two tandem copies. Pathogenicity studies

with vv and vvþ recombinant viruses containing

deletions in these regions are needed to determine

the significance of the SNP in virulence because of

conflicting data in the literature suggesting that these

repeats are essential for Ori-dependent replication

in CEFs [17] and animal studies indicating similar

replication rates between mutants deleted in the

132-bp repeats and wild-type parental viruses [36].

In addition to polymorphisms within the genes

encoding tegument proteins and the 132-bp regions,

sequence heterogeneity exists at both the IRS=US

and US=TRS junctions in the 13 strains. These dif-

ferences are likely the result of retrotransposition

[16], as seen with the non-attenuated strains Md5

and JM [12, 21] and the attenuated strain RM-1

[15, 48]. Analyses of these junctions indicate that

sequence heterogeneity exists in four regions (Fig. 4,

boxes 1–4). Box 1 contains a 115-bp repeat se-

quence that is duplicated in some CVI988 deriva-

tives. Box 3, which is in the unique short region, is

missing in the strains CU-2, 571 and GA and may

be important in defining the boundaries of the US

region since these strains all have c-type junctions.

Boxes 2 and 4 within the short inverted repeats are

interesting for two reasons. First, these regions con-

tain fragmented copies of repeat sequences that

differ among the strains. Most strains contain mir-

rored images of these inverted repeat regions, but

some (e.g. 595, Md5 and 584a) contain imperfect

versions, indicating that sequence variations at the

US junctions can be both inter- and intra-genomic.

Secondly, a 65-bp sequence containing a consensus

NF kappaB binding site is surprisingly missing in

the genomes of the more virulent strains (595,

549a, 584a, 648 and 686). Jones et al. have reported

that the attenuated strain RM-1, which was gen-

erated via retroviral insertion mutagenesis of the

virulent JM=102W strain, contains an integrated

provirus immediately upstream of the NF-kappaB

binding site within the 65-bp sequence. Most sig-

nificantly, a stable transcript initiating from the

inserted LTR promoter has been reported to tran-

scribe adjacent US genes. These regions may be im-

portant for transcriptional activation, and virulent

strains lacking the 65-bp sequences may have defi-

ciencies in gene expression. We are currently test-

ing this hypothesis using microarray technologies.

Sequence analyses of the a-like sequences in-

volved in the packaging of the viral genomes also

generated unexpected results. Deletions of varying

lengths in regions containing non-repeat (unique)

sequences were identified in most vaccine strains.

These deletions are downstream of the hyper-vari-

able 60-bp repeat region within the promoter region

of the LAT and in some strains extend to encompass

a recently reported microRNA [3]. Little is known

about the role of LAT or the functions of the viral

encoded microRNAs.

Based on extensive comparative genomic studies,

we have identified genes and noncoding regions

within the genome of GaHV-2 that differ among

the strains (attenuated vs non-attenuated). Phyloge-

netic analyses of the six regions reported here sug-

gest that the attenuated strains derived from Rispens’

original isolate all partition together, while other

attenuated strains (RM-1 and R2=23) and to some

degree the mildly virulent strain CU-2 partition lar-

gely with more highly virulent strains. We have

identified regions (132-bp repeats) near the origins

of replication that may be important for efficient

replication and sequences in non-coding regions that

may be important in the expression of surrounding

genes. These comparative genomic studies need to be

supplemented with a functional genomics approach

involving the generation of viral recombinants and

transcript profiling to more fully understand the sig-

nificance of the reported findings.
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